Introduction 48
Contamination of soil and groundwater by chlorinated hydrocarbons imposes 49 significant threats to water resources and public health. One of the techniques used to 50 remediate chlorinated hydrocarbon contamination in soil and groundwater is in situ 51 chemical oxidation with Fenton's reagent. Ferrous iron and H 2 O 2 are injected into an 52 acidic subsurface system to decompose contaminants in place. Normally, H 2 O 2 is a 53 relatively low-activity oxidant. However, under acidic conditions (pH = 3 to 5), Fe 2+ 
54
dissociates H 2 O 2 to form unstable and highly reactive hydroxyl radicals (·OH), as shown 55 in Eq. 1, which actively mineralize organic contaminants (C a H b X c ) into CO 2 , water, and 56 inorganic salts, (Eq. 2; Walling, 1975; Sun and Pignatello, 1992 
Under less acidic conditions (pH > 6), the iron catalyst precipitates as Fe(OH) 3 , 59
and instead of generating the hydroxyl radical, the H 2 O 2 decomposes into oxygen, water, 60 and heat, which can create hazardous operation condition. Therefore, it is critical to 61 provide proper acidic conditions to achieve optimum and safe decontamination when 62
Fenton's reaction is employed (Walling 1975; Hickey et al., 1995) .
Recent studies on Fenton's reaction are concentrated on improving the 64 remediation technique by minimizing the addition of extrinsic materials into subsurface 65 systems and by using environmentally benign chemicals. Deliverability of natural iron 66 catalyst as a means of minimizing the extrinsic chemical addition was examined 67 extensively by many researchers (Ravikumar and Gurol, 1994 Fenton's reaction rate at pH = 5, consuming more H 2 O 2 than without fulvic acid (Voelker 82 and Sulzberger, 1996). Sun and Pignatello (1992) solutions, the other three sets of the deionized water-diluted solutions were mixed with 125
(1) deionized water for a control (no iron), (2) acid solutions with the soil sample (2 g) as 126
an iron catalyst source, and (3) filtered soil solutions, respectively. 127
The filtered soil solutions were prepared by mixing 15 g of soil with 150 mL of 128 the diluted sulfuric acid solution, citric acid solutions, and deionized water separately on 129 a mechanical shaker overnight, and by filtering the supernatants of the soil solutions with 130 0.45 μm filters. In order to make consistent organic compound concentrations, a by the retardation factors (≈ 3.0), which were calculated based on the sorption 158 coefficients estimated in preliminary measurements (Table 1 ) and an assumed soil 159 organic carbon content (0.5%), so that the organic compound concentrations in the 160 column would be uniform throughout the column. 161
In order to acidify the soil, each contaminated soil columns was additionally 162 injected with 1 pore volume (25 mL) of citric acid solution (CA; 0.5 M citric acid with 163 (Fig. 1c) and soil (Fig. 1d) were utilized as naturally available iron sources. In 208 the filtered soil solutions (Fig. 1c) and that acidic conditions enhanced the dissolution of soil soluble iron, resulting in higher 213 efficiency in organic contaminant removals. 214
For Fig. 1d , two grams of soil samples was mixed with 25 mL organic compound 215 solutions to assess the role of the local soil as a source of the iron catalyst as well as a 216 scavenger for oxidants. Figure 1d shows the citric acid batches (pH = 3) had nearly 100% 217 TCE removal by less than 2% H 2 O 2 solution, whereas the deionized water batches (pH = 218 7.6) had 64% organic compound removal by more than 3% H 2 O 2 solution. The removal 219 rate was slower for the sulfuric acid solution than the citric acid, because the pH in the 220 sulfuric acid solution after soil mixing was higher (pH = 6) than with the citric acid (pH = 221 Fenton's oxidation for cis-1,2-DCE (Fig. 2a) and PCE (Fig. 2b) . In this study, the 226 chlorinated ethylenes generally showed decreasing susceptibility to H 2 O 2 oxidation in an 227 order: DCE > TCE > PCE, which is consistent with the previous studies (e.g., Tang between the stability of chelates and the activity of iron species was presented by Sun and 264 Pignatello (1992) , which showed that the activity of iron chelates to transform 2,4-D 265 decreases in order of tartaric > oxalic > citric, and the decreasing activity corresponds to 266 increasing stability constants (log K) of the three acids (log K = 7.49, 9.4, and 11.85, 267 respectively) (Furia, 1972) . Therefore, the strong chelates of citric acid-Fe 3+ result in 268 low activity of Fe 3+ , inhibiting the iron species from getting reduced back into Fe
2+
, and 269 eventually Fe 3+ will be sequestered from the Fenton's catalytic cycle. 270
Based on the batch system of this study, an optimum ratio of [Fe 2+ ] Results are presented in Table 3 in terms of the relative contributions from the three 279 potential mechanisms. The percentages of contaminants removed by Fenton's reaction 280 were calculated by subtracting total mass of organic contaminants recovered by liquid 281 and soil analysis from initial organic contaminant mass, based on assumptions that there 282 were no other significant means of organic contaminant loss including biodegradation, 283 irreversible sorption, and volatilization. 284
Liquid flushing was the most efficient organic contaminant removal mechanism, 285 when CaCl 2 solution was injected without adding acidifying agents into the column (73% 286 for DCE, and 74% for TCE, and 50% for PCE). The higher flushing removals of DCE 287 and TCE result from the higher water solubility of those compounds. Calculated simplyby using Henry's constants based on assumption that the organic contaminants in gas 289 were in equilibrium with those in liquid, we found that the percentages of organic 290 contaminants removed by air stripping was negligibly small (< 1% of total organic 291 compounds), which is quite different from the results of Chen et al. (2001) . 292
The total organic compound recovered by liquid and left in soil in the control 293 columns reached 81 to 100%, which indicated compound mass losses due to other than 294 H 2 O 2 reaction (biodegradation, volatilization loss, and other experimental losses) were 295 less than 8% for TCE and PCE and less than 20% for DCE. The highest volatility of 296 DCE may result in the larger loss. The total recovered mass in the acid-treated columns 297 was less than 48%, meaning that more than 52% of mass were missing. This mass loss is 298 about 2.5 times of what was measured from the corresponding control columns. This 299 result suggested that the balance of contaminants masses were removed by the Fenton's 300 reaction with acids, and the Fenton's oxidation with citric acid is as effective as sulfuric 301 acid in destroying the organic contaminants. The citric acid columns showed 4-6% 302 higher removal rates with the Fenton's reaction than the sulfuric acid columns. The 303 higher efficiency by the citric acid columns might be caused by lower pH. The pH values 304 in the liquid effluents were 3.5 for citric acid columns and 5.8 for sulfuric acid columns. 305
Overall, for 160 g of soil contaminated with organic compounds with a 306 concentration range of 1,300-5,000 μgL -1 (480-870 μg kg -1 soil), 25 mL of H 2 O 2 307 solution (3% H 2 O 2 ) was injected into acidified soil columns to achieve the organic 308 contaminant removal rates of 50 to 65%. However, note that the experiments specifically 309 address the efficiencies with respect to the reactants used and the chemistry of the soils 310 collected for this study, and the results do not address site-specific hydrogeological 311 characteristics (e.g. heterogeneities in composition and permeability, cracks and layering) 312 of this particular soil, which must be considered when applying any remediation 313 
